r Both endogenous opioids and opiate drugs of abuse modulate learning of habitual and goal-directed actions, and can also modify long-term plasticity of corticostriatal synapses.
Introduction
The dorsal striatum is critical for instrumental learning (Graybiel, 1995; Yin et al. 2005) , motor skill development (Yin et al. 2009 ), cued action selection (Packard & Teather, 1997) , and habit formation (Yin & Knowlton, 2006) , including habitual aspects of drug seeking. Synaptic plasticity in dorsal striatum may allow experience (leading to pairing of cortical inputs with a dopamine reward signal) to selectively enhance critical action-outcome associations, resulting in learning to identify and perform the action yielding the optimal outcome. In support of this concept, changes in both long-term potentiation (LTP) and long-term depression (LTD) of corticostriatal synapses are observed ex vivo after learning a motor skill (Yin et al. 2009 ), rewarded contingency (Hawes et al. 2015) , or in the nucleus accumbens after drug use becomes habitual (Shen et al. 2011; Gipson et al. 2013) . In addition, molecular signalling pathways in dorsal striatum are implicated in habit learning (Shiflett & Balleine, 2011) , synaptic plasticity (Shen et al. 2008; Fino et al. 2010) and addictive drug use (Valjent et al. 2005) . Therefore, mechanisms underlying maladaptive plasticity and habitual aspects of drug seeking may be similar to those engaged in normal corticostriatal plasticity and striatal dependent learning (Pascoli et al. 2014a) .
Corticostriatal plasticity engages two populations of GABAergic projection neurons which are intermixed throughout the striatum: dopamine D1 (D1R) and D2 (D2R) receptor-containing SPNs. Both SPN subtypes receive glutamatergic and dopaminergic afferents, as well as axon collateral afferents from the mixed population of neighbouring SPNs (Wilson & Groves, 1980) . In addition to GABA, SPNs co-release opioid neuropeptides, and the identity of co-released neuropeptide differs between D1R-and D2R-SPNs (Gerfen & Young, 1988) . Though both populations exhibit both LTP and LTD (Shen et al. 2008; Bagetta et al. 2011) , they may be differentially activated to control skill learning (Shan et al. 2014 (Shan et al. , 2015 , or in response to drugs of abuse. For instance, challenge with cocaine or heroin engages LTP-critical protein kinase A and protein kinase C pathways preferentially in D1R-SPNs (Shen et al. 2011; Pascoli et al. 2012) and drug sensitization-related LTP is restricted to D1R-SPNs (Pascoli et al. 2012) . If the direct pathway is more active in addictive states, then enhanced co-release from D1R-SPNs may uniquely influence plasticity subsequent to drug use.
D1R-SPNs co-release the neuropeptide substance P and also the opioid dynorphin. Substance P binds to Neurokinin1 (NK1) receptors located on glutamatergic afferents. As a result of synchronous burst firing in SPNs, substance P facilitates glutamate release preferentially onto D2R-SPNs (Jakab et al. 1996; Blomeley & Bracci, 2008; Blomeley et al. 2009 ). Therefore, D1R-SPN co-release of substance P may selectively facilitate glutamate transmission and promote LTP in D2R-SPNs.
Dynorphin, which selectively binds to the κ-opioid receptor (KOR), has a very different effect. In contrast to NK1 receptors, KORs reduce vesicle fusion and release (You et al. 1999) . KOR activation reduces glutamatergic transmission in the nucleus accumbens from basal lateral amygdala, but not from ventral hippocampus (Tejeda et al. 2017) . In dorsal striatum, KOR mediates LTD laterally, but KOR-mediated LTD due to reduced glutamatergic release is absent in the dorsomedial striatum (Atwood et al. 2014) . KORs also are located on dopaminergic afferents where they reduce release and hasten the re-uptake of dopamine (Kivell et al. 2014a ). Because dopamine is required for LTP at D1R-SPNs and potentially at D2R-SPNs (Pawlak & Kerr, 2008; Shen et al. 2008) , this raises the possibility that D1R-SPN co-release of dynorphin may impair dorsomedial corticostriatal LTP by reducing dopamine transmission.
We test these contrasting possibilities by optogenetically elevating endogenous co-release from D1R-SPNs using Cre-dependent expression of channel-rhodopsin. We use whole-cell electrophysiology to record the influence of this manipulation on theta-burst LTP in SPNs, and voltammetry to record the influence on dopamine. Results indicate that elevated D1R-SPN dynorphin co-release during induction engages KORs to restrict corticostriatal LTP by limiting dopamine availability.
Methods

Ethical approval
All animal handling and procedures were in accordance with the National Institutes of Health animal welfare guidelines. The whole-cell electrophysiology experiments were performed at George Mason University and were approved by the George Mason University IACUC (protocol 0261). The voltammetry experiments were performed at the National Institute on Alcohol Abuse and Alcoholism and were approved by the National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committee (protocol LIN-DL-22). The investigators understand the ethical principles under which The Journal of Physiology operates and the research reported herein complies with their animal ethics checklist.
Origin and source of mice
Mice expressing Cre recombinase driven by a D1-type dopamine receptor promoter (stock Tg(Drd1a-cre) EY217Gsat/Mmucd) were obtained from the mutant mouse resource and research centres (MMRRC) (San Diego, CA, USA). Ai32 mice containing genes for channelrhodopsin and EYFP downstream of a loxP-flanked STOP cassette (B6; 129S-Gt(ROSA) 26Sortm32 (CAG-COP4 * H134R/EYFP) Hze/J) were obtained from Jackson Laboratory (Bar Harbour, ME, USA). In the offspring of Cre-line mice crossed with homozygote Ai32 mice, the stop cassette is deleted in neurons expressing Cre recombinase, allowing expression of channel-rhodopsin and Enhanced Yellow Fluorescent Protein (EYFP) in the Cre-expressing neurons. Experimental subjects were generated by crossing heterozygote D1Cre males with homozygote Ai32 females, producing D1CreChEYFP offspring as well as D1Cre− littermates (which are ChR/EYFP heterozygotes but do not express the ChR/EYFP due to lack of Cre). D1CreChEYFP offspring were identified both by genotyping to test for Cre and also by epifluorescent detection of yellow fluorescence in brain slices from Cre+ mice. A total of 77 mouse pups were used for the reported experiments. Both breeders and offspring were fed ad libitum.
Slice preparation for whole-cell recordings
Brain slices were prepared as described in Hawes et al. (2013) . Briefly, both male and female mice aged postnatal days 23-33 were anaesthetized with isoflurane (0.5-1 ml per litre of bell jar volume) until they were non-responsive with one breath per second, then decapitated. Brains were extracted quickly and placed in oxygenated ice-cold sucrose slicing solution (in mM: KCl 2.8, dextrose 10, NaHCO 3 26.2, NaH 2 PO 4 1.25, CaCl 2 0.5, Mg 2 SO 4 7, sucrose 210). Coronal slices were cut 350 μm thick on a Leica vibratome (VT1000S, Leica, Buffalo Grove, IL, USA), bisected between hemispheres, and placed in an incubation chamber containing aCSF (in mM: NaCl 126, NaH 2 PO 4 1.25, KCl 2.8, CaCl 2 2, Mg 2 SO 4 1, NaHCO 3 26.2, dextrose 11) heated to 33°C for 30 min and then removed to room temperature (21-23°C) until recording.
Whole-cell recordings
During whole-cell recordings, a hemi-slice was transferred to a submersion recording chamber (ALA Science, Farmingdale, NY, USA) gravity perfused with oxygenated aCSF at 2.5-3 ml min −1 and 30-32°C containing 50 μM picrotoxin (Tocris Bioscience, Minneapolis, MN, USA) and 400 μM L-ascorbic acid and 10 μM glycine. Pipettes (resistance 4.5-6.8 M ) were pulled from borosilicate glass on a P-2000 puller (Sutter Instruments, Novato, CA, USA) and filled with a potassium-based internal solution (in mM: potassium gluconate 132, KCl 10, NaCl 8, Hepes 10, Mg-ATP 3.56, Na-GTP 0.38, EGTA 0.1) of pH 7.35. Cells were patched under visual guidance using IRDIC imaging (Zeiss Axioskop2 FS plus, Thornwood, NY, USA). Intracellular signals were collected in current clamp and filtered at 3 kHz using an EPC 10 amplifier and Patchmaster software (HEKA Electronik, Holliston, MA, USA). Series resistance was compensated 100%, and capacitance was not compensated.
EPSPs were evoked by stimulating white matter overlying dorsomedial striatum with a tungsten bipolar electrode (diameter: 0.005 bare, 0.007 Teflon coated, A-M Systems, Carlsborg, WA, USA) at an intensity producing a 5-15 mV EPSP. EPSPs were collected from dorsomedial SPNs at 0.03 Hz pre-and post-LTP induction. Current-voltage and current-frequency curves were recorded from each cell using 400 ms current injection to characterize the recorded cell. Cells were determined to be SPNs by their low resting membrane potential (near −80 mV), shallow rounded after-hyperpolarizations (5.5 ± 2.9 mV), long latency to first action potential (0.23 ± 0.085 s), and action potential width greater than 1 ms (1.5 ± 0.4 ms). A CoolLED (Andover, UK) pE system supplied 500 nm light for EYFP excitation, and 470 nm light for channel-rhodopsin activation. The 500 nm light used for EYFP excitation passed through a 490-509 nm band pass filter (ET500/20x, Chroma Technologies, Bellows Falls, VT, USA) and was not observed to cause depolarization of a light-responsive D1CreChEYFP neuron. Light entered the light path of an Axioskop 2 FS Plus Zeiss microscope through a collimated adaptor and was directed at the striatal slice in the field of view containing the patched cell through a 40 × 0.8 numerical aperture immersion lens. Light intensity at the tissue was adjusted by an analog dial to criteria described below. The maximum light intensity was 80 μW. Note that the D1Cre line Tg(Drd1a-cre)EY217Gsat/ Mmucd was selected for the absence of Cre in cortex, but this line has sparse expression within D1R-SPNs (http:// www.gensat.org/cre.jsp). Therefore light-responsive SPNs in D1CreChEYFP animals are identified as D1R-SPNs, but the non-light-responsive SPNs are likely to be a mixture of both D1R-and D2R-SPNs.
Plasticity induction
Plasticity induction was accomplished by adapting the protocol described in Hawes et al. (2013) to include subthreshold depolarization of the recorded neuron. LTP was induced by theta-burst stimulation (TBS) consisting of 10 trains, each train consisting of 10 bursts at 10.5 Hz (theta), and each burst consisting of four stimuli at 50 Hz, with trains spaced 15 s apart. Each burst of four stimuli was accompanied by a 70 ms depolarization (beginning 10 ms before the first afferent stimulus of each burst), J Physiol 595.16 which was subthreshold for action potential generation. This depolarization of neurons was achieved in one of two ways: by applying either somatic current injection, or else (for light-responsive neurons) by applying 470 nm light through a 40× immersion lens. Optogenetic depolarization in light-responsive neurons was carried out to match both the time course and the magnitude of somatic depolarization achieved by current injection in non-light-responsive neurons. Firing threshold was determined from a series of 70 ms depolarizations. The lowest current injection or lowest light intensity eliciting an action potential was considered threshold, and a slightly lower (subthreshold) depolarization was supplied during plasticity induction. In most light-responsive cells, 470 nm light could be used to elicit action potentials, but when it could not, a maximum light power density of 80 μW was used during induction. Light intensity during induction ranged from 10 to 100% of the maximum supplied by the CoolLED system.
To test plasticity in light-responsive cells in the absence of light, somatic depolarization was used alone. To test the effect of D1R-SPN depolarization on non-light-responsive cells, somatic depolarization of the patched SPN and maximum intensity 470 nm light were simultaneously applied during theta-burst stimulation. TBS induction was performed soon after break-in (mean = 11.3 ± 3.9 min) to prevent washout of critical signalling molecules (Kato et al. 1993) . Within this range of times to induction, there was no correlation between amount of LTP and induction time (P > 0.1 for all genotype/light conditions).
Fast-scan cyclic voltammetry
Brain slices for fast-scan cyclic voltammetry were prepared similar to those for whole-cell recording with the following exceptions. (1) Animals (of both sexes) were 4-8 weeks old.
(2) The slicing solution contained (in mM): 194 sucrose, 30 NaCl, 4.5 KCl, 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 10 dextrose, and 1 MgCl 2 . (3) Coronal sections were thinner: 300 μm and checked for EYFP fluorescence using a Zeiss Lumar stereoscope with a green fluorescent protein (GFP) filter set (Zeiss) and an X-cite 120 fluorescence illuminator (Lumen Dynamics, Mississauga, Ontario, Canada). Following the incubation period, slices were transferred to the slice chamber and a twisted, bipolar, stainless steel stimulating electrode (Plastics One, Roanoke, VA, USA) was placed in the white matter overlying the dorsal medial striatum. The carbon fibre electrode was then positioned in the dorsal medial striatum approximately 300 μm from the stimulating electrode in an EYFP-expressing region.
Carbon fibre electrodes were made as previously described (Crowley et al. 2014 ) and cut to 80-120 μm in length. The carbon fibre electrode potential was linearly scanned as a triangle waveform from −0.4 to 1.2 V and back to −0.4 V at 400 V s −1 . Cyclic voltammograms were collected at 10 Hz using a Chem-Clamp (Dagan Corporation, Minneapolis, MN, USA) and DEMON voltammetry software (Yorgason et al. 2011) . Dopamine release was evoked by four 200-μs monophasic electrical stimuli delivered at 50 Hz every 3 min with a Constant Current Stimulator (Digitimer, Fort Lauderdale, FL, USA). The stimulation intensity for each slice was determined from a preliminary input-output curve and set to yield a peak dopamine transient approximately 50% of the maximal response (between 500 and 800 μA).
After five consecutive stable responses were collected (<10% variation in transient peak), experiments would begin. For each experiment, four measurements were collected in the absence of 470 nm light and then another four responses were collected with 470 nm light applied for 70 ms, beginning 10 ms before the burst of pulses. The order of starting condition (with or without 470 nm light) was counterbalanced between slices for all experiments. For experiments examining the effect of norbinaltorphamine (NorBNI; 1 μM), slices were allowed to incubate in the recording chamber in ACSF containing NorBNI for at least 20 min before beginning any experiments. Light stimulation was produced by a Thorlabs (Newton, NJ, USA) LED and was applied to the recording site via a 400 μm core fibre optic patch cable (2.5 mW output from patch cable) placed directly above the carbon fibre electrode. For experiments examining the effect of dynorphin A (BA Chem, Torrance, CA, USA) on dopamine release, the dynorphin was bath applied and followed by NorBNI. Extracellular dopamine concentrations were determined by post hoc calibrations against a freshly prepared 1 μM dopamine solution.
Immunohistochemistry
D1CreChEYFP mice were anaesthetized with pentobarbital and transcardially perfused sequentially with PBS and a 4% formaldehyde/PBS solution. The fixed brains were then extracted and post-fixed overnight before being stored in PBS for later sectioning. Forty micrometres-thick sections were cut and free-floating immunohistochemistry was performed. Sections were first washed in PBS six times for 5 min before being treated with 0.5% NaBH 4 in PBS two times for 10 min. The sections were then washed six times in PBS before being blocked in a 5% bovine serum albumin, 0.2% Triton X-100, PBS solution for 4 h at room temperature. The sections were then incubated in a chicken anti-GFP (1 μg (2000 μl) −1 ; Abcam, Cambridge, MA, USA, ab13970) and rabbit anti-μ-opioid receptor (1 μg (3000 μl) −1 ; Immunostar, Hudson, WI, USA, 24216) primary antibody/PBS solution overnight. Sections were then washed six times as before in PBS before being incubated in a secondary antibody solution containing Alexa488 goat anti-chicken (1 μg (1000 μl) −1 ; Life Technologies, Carlsbad, CA, USA) and Alexa568 goat anti-rabbit (1 μg (1000 μl) −1 ) overnight. Following six washes in PBS, sections were mounted onto subbed slides, coverslipped with Fluoromount G (Electron Microscopy Sciences, Hatfield, PA, USA), and imaged with a Zeiss Axiovert 200 microscope equipped with enhanced green fluorescent protein (eGFP) and Cy3 filter sets and an Axiocam 506 fluorescence camera with ZEN software (Zeiss).
Data analysis
Raw whole-cell recording data were analysed in Python v2.7 (data available upon request, analysis code available at https://github.com/neurord/ephys_anal). EPSP peak amplitude and ascending slope (between 20 and 80% of peak height) were extracted automatically from the raw data surrounding each test pulse. During automated amplitude extraction, traces from each experiment were graphically displayed for review by eye, guarding against errors in data extraction. In some cases compound EPSPs were evoked; in all cases only the primary (first) EPSP following afferent stimulation was analysed to determine plasticity. Plasticity amplitude (normalized) is calculated as EPSP peak amplitude or slope averaged over a 5 min window (15-20 min) post induction divided by the same measure averaged over a 5 min baseline (preceding induction). Action potential characteristics and input resistance, used for cell excitability measures, were extracted from a series of 400 ms current injections, ranging from −500 pA to 0 pA in 50 pA increments, and from +40 pA to +320 pA in 20 pA increments. In addition, the number and timing of action potentials during each burst of the TBS induction were extracted. For action potentials that occurred between two postsynaptic potentials (PSPs) during a burst, the shortest time between action potential (AP) and either PSP was used as the PSP-AP interval. An alternative measure that used both intervals was also evaluated.
Statistical analysis
Statistical analysis was carried out in SAS (v9.4; SAS Institute, Cary, NC, USA). The procedure univariate was utilized to test for normality of the data. The question 'is the plasticity amplitude significantly different from 1.0' was determined for groups without drug application using Student's t test (SAS procedure TTEST) for normally distributed data. The general linear models procedure (SAS GLM procedure) was used for analysis of variance and analysis of covariance, as when comparing multiple groups as explained in the Results. Post hoc tests either used planned comparisons or Dunnett's correction for comparing multiple groups. The Kolmogorov-Smirnov test (available in the SAS procedure npar1way) was used to compare two different distributions. Pearson's R TBS paired with somatic current injection (in the absence of 470 nm light) induces LTP but only in neurons that are not light responsive. Figure 1A shows that this TBS induction protocol resulted in LTP in non-light-responsive (non-LR) SPNs of D1CreChEYFP brain slices and in SPNs of brain slices from littermate controls (D1Cre−), with an average plasticity amplitude of 23.5 ± 3.6% above baseline EPSP amplitude (t = 6.46, P < 0.0001, n = 44), which is sustained for at least 30 min. There is no difference between LTP observed in non-LR SPNs from Cre+ mice, which express the transgenic channel-rhodopsin and fluorophore, and SPNs from Cre− littermates (t = 0.44, P = 0.66, n = 32 Cre+ and 12 Cre−). In contrast to LTP observed in non-LR SPNs, light-responsive (LR) SPNs do not exhibit LTP in response to TBS with somatic current injection in the absence of 470 nm light (Fig. 1B) . Instead, the mean EPSP amplitude among LR neurons was reduced by 16.1 ± 5.4% though the decrease was not significant (t = 2.17, P = 0.0511, n = 13). Similar results were obtained when analysing 20-80% slope of the EPSP.
Optogenetic D1R-SPN activation during induction impairs LTP in non-LR neurons, but facilitates LTP in LR neurons
D1R-SPNs co-release the opioid dynorphin, which can reduce vesicular release and hasten the re-uptake of dopamine through KOR (Kivell et al. 2014a) . Though activation of KOR does not produce LTD in dorsomedial striatum (Atwood et al. 2014) , a reduction in dopamine during TBS could still hinder LTP induction. To evaluate the effect of co-released peptides on LTP, we repeated LTP induction in both LR and non-LR neurons in the presence of 470 nm light. For the non-LR neurons we continued to use somatic current injection during the LTP induction protocol to achieve subthreshold depolarization, whereas somatic current injection was omitted and subthreshold depolarization was instead achieved by adjusting 470 nm light intensity for optogenetic activation of LR neurons.
Once again a difference in response was observed between LR and non-LR neurons. Light hindered LTP in the non-LR neurons, but facilitated EPSPs in LR neurons. As shown in Fig. 1, 470 nm light eliminated LTP in the non-LR neurons (mean plasticity amplitude of 1.0 ± 8.8%, t = 0.12, P = 0.91, n = 13), whereas the same light transformed the response from slight depression to slight potentiation in LR neurons (mean plasticity amplitude of 14.0 ± 8.6%, t = 1.63, P = 0.13, n = 14). Two-way analysis of variance confirmed that the interaction term light-responsive × light was significant (F = 7.31, d.f. = 3, P = 0.0002, n = 84), i.e. light had a different effect on LR from that on non-LR neurons. To evaluate whether cell excitability or spike characteristics during the TBS influenced LTP, we performed analysis of covariance, with light and light-responsiveness as categorical factors and latency to fire, current producing half-maximal firing, mean spikes per burst, and PSP-spike interval as potential covariates. This analysis revealed that two covariates were significant: current producing half-maximal firing (F = 10.47, d.f. = 1, P = 0.0018) and mean spikes per burst (F = 6.99, d.f. = 1, P = 0.0099); these two terms increased the variance explained from R 2 = 0.22 to R 2 = 0.36. Post hoc, planned contrasts confirmed that light produced a significant effect in non-LR neurons (F = 12.23, d.f. = 1, P = 0.0008) and LR neurons (F = 10.2, d.f. = 1, P = 0.002). Figure 2Aa and b illustrates the relationship between plasticity amplitude and current producing half-maximal firing: the slope of the relationship was significant only for the non-LR neurons in the light. Similarly, Fig. 2Ba and b illustrates the relationship between plasticity amplitude and the number of spikes per burst: the slope of the relationship was significant only for the non-LR neurons in the absence of 470 nm light. There was no relationship between plasticity amplitude and baseline EPSP amplitude which averaged 11 ± 0.7 mV (correlation = 0.15, P = 0.16, n = 84), nor did baseline EPSP amplitude differ between LR and non-LR neurons, either with or without 470 nm light (analysis of variance, F = 1.97, P = 0.16, n = 84). Similar results were obtained when analysing 20-80% slope of the EPSP. the bottom half of the LTP distribution of non-LR neurons, then this subset should be statistically similar to the responses of LR neurons. In contrast, statistical analysis reveals a significant difference between plasticity amplitude from LR neurons and the bottom half of the responses from non-LR neurons (Kolmogorov-Smirnov two-sample test, KSa = 1.5, P = 0.0223, n = 13 LR and 22 non-LR).
A second analysis makes use of prior observations that D1R neurons are less excitable than D2R neurons (Day et al. 2008) ; thus, if the observations were a cell-type effect, we should observe a correlation between plasticity response and cell excitability for both Cre− and non-LR neurons in the absence of 470 nm light. However, the data reveal no correlation for either of these cases ( Fig. 2A) . For neurons from Cre− mice, the correlation between LTP response and various excitability measures did not reach significance (P > 0.16 for rheobase, latency to fire, input resistance, current producing half-maximal firing; n = 12). Similarly, for non-LR neurons from D1CreChEYFP mice, the correlation between LTP response and various excitability measures is not significant (P > 0.14 for all measures; n = 32). In conclusion, though we cannot rule out a cell-type-dependent difference, our data suggest that transgene expression may be affecting LTP induction in LR neurons.
LTP is rescued by KOR antagonist during optogenetic D1-SPN activation
NorBNI rescues LTP during optogenetic D1R-SPN activation. One candidate for causing impairment of TBS-induced LTP in non-LR neurons is opioid receptor activation by dynorphin that is co-released from D1R-SPNs. Dynorphin may reduce dopamine transmission via presynaptic KORs on dopamine afferents and impair LTP because dopamine activation of D1 receptors is required for TBS-induced LTP (Hawes et al. 2013) .
We analysed TBS LTP in the presence of the KOR antagonist norbinaltorphamine (NorBNI; 1 μM) in 470 nm light transforms a slight LTD to a slight, but non-significant LTP. For both A and B, inset shows representative EPSP traces prior to TBS (black) and 20 min after TBS (colour). Scale bar shows 5 mV and 10 ms. C, summary of the change in EPSP amplitude caused by TBS. * * P < 0.005. Analysis of covariance with light × light-responsiveness as categorical factors and current producing half-maximal firing and mean spikes per burst as covariates was significant (F = 11.32, d.f. = 1, P < 0.0001). Post hoc contrasts show that (1) the PSP amplitude in response to TBS + light is significantly smaller than the response to TBS alone in non-light-responsive (non-LR) neurons (F = 12.23, d.f. = 1, P = 0.0008), and (2) the PSP amplitude in response to TBS + light is significantly greater than the response to TBS alone in light-responsive (LR) neurons (F = 10.2, d.f. = 1, P = 0.002).
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non-LR neurons both in the presence and in the absence of 470 nm light. Figure 3A shows that NorBNI rescues TBS-induced LTP from the impairment caused by 470 nm light. NorBNI treatment during TBS in the absence of 470 nm light still yields LTP of 35.0 ± 19.6%, whereas NorBNI treatment during TBS with 470 nm light permits LTP of 29.4 ± 9.9% (Fig. 3A) . Analysis of covariance showed a significant effect of Drug × Light, and two covariates: current producing half-maximal firing and spikes per burst (F = 10.36, d.f. = 6, P < 0.0001, n = 80). Post hoc, planned contrasts confirm that in the absence of light, NorBNI does not increase the response to TBS (F = 2.43, d.f. = 1, P = 0.123), whereas in the presence of 470 nm light, the response to TBS is significantly greater with NorBNI than without (F = 7.81, d.f. = 1, P = 0.0066).
Because the lack of significant LTP induced with light in LR neurons might be caused by KOR activation, LTP induction using light was repeated in the presence of NorBNI in LR neurons. Figure 3B shows that the LTP response was slightly higher with NorBNI than without. Stimulation with TBS + 470 nm light in the presence of NorBNI produces an increase in the EPSP amplitude (plasticity response = 18.3 ± 9.95%) compared to baseline. Though the difference between TBS + light and TBS + light + NorBNI was not significant, the difference between the response to TBS alone and the response to TBS during 470 nm illumination plus NorBNI is statistically significant. Analysis of variance of the plasticity response vs. condition was significant (F = 3.36, d.f. = 3, P = 0.03, n = 37), and post hoc tests using Dunnett's to control for multiple comparisons revealed that plasticity induced by TBS + NorBNI + light was significantly greater than the response to TBS in the absence of 470 nm light (P = 0.0265).
GCP 35348 fails to rescue LTP during optogenetic D1R-SPN activation. Release of GABA from SPN collaterals is a candidate mechanism for impairment of TBS-induced LTP. The impairment of LTP through optogenetic activation of D1R-SPNs does not result from elevated activation of GABA A receptors, because all experiments are performed in the presence of 50 μM picrotoxin. However, activation of GABA B receptors has been shown to mildly reduce glutamate release onto fellow SPNs (Logie et al. 2013) . Thus, to determine if GABA B receptors have a role in the impairment of LTP induction, we repeated the light-induced LTP impairment experiment in the presence of the GABA B antagonist CGP 35348. Because light does not impair plasticity in LR neurons, recordings were performed only in non-LR neurons in which TBS LTP is impaired by optogenetic activation of D1R-SPNs. In contrast to the effect of NorBNI, Fig. 3C shows that 1 μM CGP 35348 does not rescue TBS-induced LTP from impairment by 470 nm light (t = −0.48, P = 0.649, n = 13 for no drug and 7 for CGP 35348). Figure 3D summarizes these pharmacology experiments. In addition, Fig. 3E shows that NorBNI did not change the amplitude of the baseline PSP.
Optogenetic activation of D1R-SPNs dampens dopamine release via κ-opioid receptor activation
D1R-SPNs co-release the opioid dynorphin, the endogenous ligand at KOR which can reduce vesicular release and hasten the re-uptake of dopamine within striatum (You et al. 1999; Kivell et al. 2014a) . We therefore hypothesized that optogenetic activation of D1R-SPNs engages KOR to impair TBS LTP by restricting dopamine availability during induction. To test this hypothesis, we first determined the effect of dynorphin on evoked dopamine release in striatal slices. We found that dynorphin decreased evoked dopamine release in a dose-dependent fashion (t = 4.94, P < 0.004, n = 6 for 300 nM dynorphin; Fig. 4A and B) , thus supporting our hypothesis. To determine if D1R-SPN activation could affect dopamine release, we used fast-scan cyclic voltammetry to measure evoked dopamine release in response to burst stimulation (4 pulses, 50 Hz -identical to a single burst applied at theta frequency for LTP induction) in striatal slices. Indeed, dopamine release was reliably evoked by burst stimulation (Fig. 4C ) in the absence of 470 nm light. Furthermore, concurrent optogenetic activation of D1R-SPNs by 470 nm light significantly attenuated dopamine release (t = 3.39, P = 0.005, n = 13; Fig. 4C and E). Experiments were repeated in the presence of 1 μM NorBNI to test the influence of KOR. Under this condition, 470 nm light failed to inhibit dopamine release relative to the light-free condition (t = 1.135, P = 0.3, n = 7; Fig. 4D and E). A comparison of the average percentage change from baseline in dopamine release by 470 nm light shows that KOR blockade rescues the optogentically induced reduction in available dopamine (t = −2.72, P = 0.014; Fig. 4E ), and also rescues the reduction in evoked dopamine produced by bath-applied dynorphin (Fig. 4F) .
Discussion
This study investigated modulation of corticostriatal LTP by endogenous, intra-striatal co-release of the opioid neuropeptide dynorphin using optogenetics, whole-cell patch-clamp recording and voltammetry. First we showed that a theta-burst induction protocol is effective at producing LTP using whole-cell recordings in the presence of GABA A antagonists, similar to LTP observed using field recordings (Hawes et al. 2013) . We were then able to demonstrate that optogenetic activation of the D1R-SPN population is capable of inhibiting corticostriatal LTP and reducing dopamine release. Both effects were rescued with the KOR antagonist NorBNI but not a GABA B antagonist, suggesting that the inhibition of LTP is caused by reduced dopamine release due to dynorphin acting on KORs of dopaminergic terminals. The influence of SPN type on the occurrence of corticostriatal synaptic plasticity is unclear, with some reports demonstrating a difference between D1R-and D2R-containing SPNs (Kreitzer & Malenka, 2007; Shen et al. 2008; Yin et al. 2009 ) and others demonstrating similar occurrence of corticostriatal synaptic plasticity in both SPN types (Wang et al. 2006; Bagetta et al. 2011; Pascoli et al. 2012; Wu et al. 2015) . Studies in which SPN type was not identified do not exhibit a bimodal distribution of results, suggesting that synaptic plasticity occurs in both SPN types. On the other hand, changes caused by administration of psychostimulants may be limited to D1R-SPNs (Bateup et al. 2010; Valjent et al. 2010; Pascoli et al. 2012) . Furthermore, D1R and D2R play different roles in LTP molecular mechanisms, with most reports demonstrating a requirement for D1R but not D2R in the induction of LTP (Centonze et al. 2001; Kerr & Wickens, 2001; Shen et al. 2008) .
The lack of LTP in response to theta-burst stimulation in light-responsive neurons might suggest that this form of LTP does not occur in D1R-SPNs; however, several pieces of evidence argue against this conclusion. First, theta-burst LTP is dependent on D1R stimulation (Hawes et al. 2013) . Second, the distribution of LTP responses from both non-light-responsive neurons from the D1CreChEYFP mice (a mixed population of D1R-and D2R-SPNs due to sparse Cre expression) and unidentified neurons from Cre− mice is not bimodal. Third, though there is overlap in excitability measures between the two populations, on average D2R-SPNs are more intrinsically excitable, with smaller latencies to fire and lower rheobase than D1R-SPNs (Kreitzer & Malenka, 2007; Day et al. 2008) . Nonetheless, LTP in non-light-responsive neurons was not stronger or more likely in the more excitable SPNs, as would be expected if only the more excitable D2R-SPNs potentiate. Finally, all recorded SPNs in Cre-negative littermates show LTP whereas LTP does not occur in D1CreChEYFP expressing D1R-SPNs without direct optogenetic depolarization. This suggests that lack of LTP in light-responsive neurons results from transgene expression rather than cell class. In summary, our whole-cell plasticity data suggest that both D1R-SPNs and D2R-SPNs potentiate in response to theta-burst stimulation, but an alternative mouse line is required to address this issue definitively.
It is worthwhile to consider results in the light-responsive neurons separately, in the context of distributed channel-rhodopsin. Amplitude and timing of optogenetic depolarization in these neurons was controlled to match the time course and magnitude of somatic depolarization achieved by current injection in non-light-responsive neurons; in both cases this depolarization was measured at the soma. Yet direct optogenetic activation would have improved distal depolarization in light-responsive neurons in comparison to somatic depolarization. We believe this is the reason small synaptic depression was changed by 470 nm light to synaptic facilitation (Fig. 1B) , which is consistent with the observation that D1R have less excitable dendrites (Day et al. 2008) . This illustrates that distal SPN depolarization can enhance the ability to produce synaptic plasticity. In vivo, this distal depolarization of D1R SPNs is likely to result from strong convergent excitation (Plotkin et al. 2011) , or enhanced intrinsic excitability. In our experiment this facilitation occurred despite elevated dynorphin, as it was subtly enhanced by blocking KOR (Fig. 3B ). This finding indicates that dynorphin release will not abolish LTP under all conditions, but instead LTP depends on the balance of inhibitory dynorphin vs. facilitatory dendritic depolarization.
We believe the most parsimonious explanation for our finding that enhanced D1R-SPN activity during TBS impairs LTP (Fig. 1A) is that co-release of dynorphin from these SPNs acts at nigrostriatal afferents to restrict dopamine availability. Corticostriatal LTP is known to rely on dopamine (Centonze et al. 2001; Kerr & Wickens, 2001; Hawes et al. 2013) . Dynorphin is the endogenous ligand at KOR, and this receptor has been shown to reduce intra-striatal dopamine release (You et al. 1999) . We demonstrated that optogenetic activation of D1R-SPNs reduces dopamine release in response to a brief burst of 50 Hz stimulation similar to those used to induce plasticity. Our experiments using the KOR antagonist NorBNI confirm that optical impairment of TBS LTP indeed operates through KOR and reduced dopamine release. KORs are a fascinating plasticity modulator as they are synthesized in midbrain dopaminergic neurons, and presynaptically situated to control dopamine release from nigrostriatal afferents in dorsal striatum (Bruijnzeel, 2009) . KORs are coupled to inhibitory GTP binding proteins (G i ) which modulate both N-type calcium channels and inward-rectifying potassium channels to inhibit vesicle release (Schlösser et al. 1995) , and can rapidly enhance dopamine re-uptake by influencing dopamine transporter kinetics (Kivell et al. 2014a) .
We cannot rule out the possibility that dynorphin acts at sites in addition to nigrostriatal afferents to restrict LTP. Damping transmitter release from cholinergic interneurons could indirectly contribute to the same finding of reduced dopamine release from nigrostriatal afferents (Threlfell et al. 2012 ), but we find no indication in the literature that cholinergic interneurons express KOR (Gonzales & Smith, 2015; Mamaligas et al. 2016) . Whereas KOR mRNA is enriched in striatum and substantia nigra pars compacta, low levels are present in some cortical regions projecting to dorsomedial striatum (Mansour et al. 1994; Mamaligas et al. 2016) . However, reduced cortical transmission does not explain the reduced dopamine measured as a result of optogenetically activating D1R-SPNs (Fig. 4) . Moreover, Atwood et al. (2014) report that corticostriatal KOR activity is absent from dorsomedial striatum.
There are several implications from use of the transgenic mouse we selected. First, the lack of cortical expression unique to this Drd1a-Cre line ensures that 470 nm illumination does not change presynaptic response to TBS. This is the reason the line was selected, although it meant that non-light-responsive neurons contained a mixture of both D1R-SPNs and D2R-SPNs. Secondly, because this mouse line has sparse Cre expression among D1R-SPNs, we know that KOR-mediated LTP modulation is strong enough to be observed even when only a subset of D1R-SPNs release dynorphin. In fact, elevating co-release from a sparse subset in this way may be more physiological than activating all SPNs because, in vivo, SPNs have low firing rates and low population coherence (Barnes et al. 2005) . Thirdly, Cre expression in this mouse line exhibits a striosome-like, 'patchy' distribution (Fig. 5) , thus the observed effect of 470 nm light on LTP is present and may be strongest in striosomes, which are small, scattered striatal subregions with distinct neurochemical profiles, denser limbic afferents, and unique projections to dopamine neurons in substantia nigra pars compacta (Gerfen, 1992; Miura et al. 2008; Banghart et al. 2015) . Striosomes have enhanced μ-opioid expression (Arvidsson et al. 1995; Kaneko et al. 1995) , a slight elevation in D1R-SPN density (Banghart et al. 2015; Smith et al. 2016) and markedly reduced acetylcholinesterase expression (Graybiel, 1984) . Differential opioid signalling and dopamine handling has been reported in striosomes and matrix (Brimblecombe & Cragg, 2015; Salinas et al. 2016) . For instance, enkephalin released by D2R-SPNs was recently shown to specifically disinhibit striosomal SPNs (Banghart et al. 2015 ), whereas we demonstrate that dynorphin released by D1R-SPNs constrains corticostriatal LTP. Further studies are required to clarify how these systems interact to control striatal dynamics in vivo.
Our results indicate that a surge of D1R-SPN activity during cortically driven striatal activation can impact plasticity through dynorphin action at KOR; yet, the same D1R-SPN activity surge should also have released substance P which acts at NK1 receptors to increase release events at cortical afferents (Blomeley & Bracci, 2008; Blomeley et al. 2009 ), dopamine afferents (Brimblecombe & Cragg, 2015) , and from cholinergic interneurons which can in turn elevate dopamine release (Mulder et al. 1984; Cachope et al. 2012; Threlfell et al. 2012; Gonzales & Smith, 2015) . If these neuropeptides are released together, they may have different spatio-temporal profiles of action. The substance P effect peaks at 500 ms and is gone by 1 s after SPN activation (Blomeley et al. 2009 ). Thus, this effect may enhance glutamate release or reduce the effect of desensitization during each of the 1 s trains of theta burst stimulation. Dynorphin action at KOR dominated during theta-burst, yet an alternative induction protocol might have different results. The spatial limitations on the actions of these two neuropeptides also may differ. In vivo KOR may restrict LTP locally in response to a surge in D1R-SPN activity while the effects of substance P are spread farther by sprawling cholinergic interneurons, perhaps fostering action generalization at the border of a region of behavioural refinement. Substance P might assist action selection in the present through short-lived facilitation in glutamatergic input, whereas dynorphin influences learning and future performance by impacting plasticity. It is likely that multiple scenarios for how these modulatory neuropeptides interact occur in vivo. Integrating what is known about discrete mechanisms in striatal plasticity remains a tremendous challenge, and would require characterizing the spatio-temporal profile of dynorphin action as well as substance P.
Dorsomedial striatal plasticity naturally supports learning new behaviour, and dynorphin actions at KOR may function to restrict off-target plasticity and to preserve network capacity as animals learn. In our experiments, D1R-SPN population activity was enhanced optogenetically. Following learning in vivo, enhanced excitability distinguishes ensembles of SPNs engaged to retain recently learned associations (Ziminski et al. 2017) , and dorsomedial SPNs show transiently enhanced intrinsic excitability proximal to new learning (Hawes et al. 2015) . This enhanced excitability could support enhanced release of dynorphin. A dynorphin-mediated negative feedback loop on LTP may form a barrier to competing plasticity in a critical period following new learning. It may also prevent saturation of plasticity mechanisms, providing continuing 'headspace' for encoding through future LTP. Together, dynorphin's actions in vivo could limit ensemble size during learning by forming a barrier to LTP surpassed only by those neurons receiving the greatest convergent, depolarizing and relevant inputs. This is analogous to the winner-take-all mechanism proposed for lateral inhibition. In other words, as a subset of striatal neurons encodes a new association, dynorphin may prevent redundant encoding by less relevant synapses or neurons, freeing these to encode distinct information.
Striatal plasticity mechanisms presumably evolved to serve healthy, adaptive learning; yet addiction-related A MOR B Drd1aCre-EYFP C Merge plasticity may be a more fitting in vivo correlate to optogenetically enhancing activity among D1R-SPNs. There is evidence for disproportionate D1R-SPN engagement through drugs of abuse. Elevated D1R-SPN activation and plasticity is reported following exposure to drugs of abuse in ventral striatum (Shen et al. 2011; Pascoli et al. 2012 Pascoli et al. , 2014b . Thus, dynorphin release in response to drugs of abuse might supply a negative feedback mechanism which limits runaway D1R-SPN excitation. In contrast, addiction-relevant impairment in action-outcome decision-making has been linked to reduced D1R-SPN activation in dorsomedial striatum (Furlong et al. 2017) . If elevated dorsomedial D1R pathway activation precedes D1R pathway suppression, dynorphin's restriction of LTP through KOR is a likely candidate to mediate the transition from excess activity to reduced activity. Thus, our findings have important implications for learning and particularly for plasticity regulation in addiction. Indeed, targeted manipulation of KORs has been shown to modulate anxiety, memory and drug-seeking behaviour (Kivell et al. 2014b; Crowley & Kash, 2015) . KOR agonists have already drawn interest for their potential utility in anti-addiction therapy. Our results suggest that, beyond reducing dopamine reward, the KOR may be natively engaged to mediate the plasticity underlying development and perpetuation of addictive states. Further optogenetic dissection of striatal plasticity circuits will yield clinical targets useful in combating addiction, and in rebalancing plasticity in an addicted network in support of healthy learning.
